In the present study, we have investigated the mechaases, a class that includes the eukaryotic 26S proteanism of degradation by FtsH. We previously showed that some and its structurally related prokaryotic counterFtsH recognized and degraded proteins with nonpolar parts. In the bacterium E. coli, five such ATP-dependent carboxy-terminal tails in vivo (Herman et al., 1998). Two proteases have thus far been identified: ClpAP, ClpXP, classes of nonpolar tails were identified: those recogHslUV, Lon, and FtsH (HflB). Among these, FtsH is the nized solely by FtsH in vivo (e.g., 108; Figure 1A ) and only essential protease in E.coli and is the only univerthose recognized by both FtsH-and Clp-dependent prosally conserved ATP-dependent protease in bacteria teases (e.g., SsrA, Figure 1A ). In the present study, we (reviewed in Karzai et al., 2000). FtsH homologs also play used this tagging system to investigate the mechanism important roles in the mitochondria and chloroplasts of of degradation by FtsH. Using several soluble proteins eukaryotic cells (Langer, 2000) ; for example, mutation and their variants, we find that their rates of degradation of a human FtsH ortholog causes a neurodegenerative by FtsH either in vitro or in vivo were inversely related disease (Casari et al., 1998).
Results

FtsH Recognizes Nonpolar Tails
We previously showed that the amino-terminal domain of cI was degraded by FtsH when tagged with either the universal SsrA tail or the FtsH-specific 108 tail (Herman et al., 1998). We show here that the unrelated protein P22 Arc repressor is also degraded by FtsH in vitro when it is tagged either with SsrA ( Figure 1B ) or with 108 ( Figure 3A) . Degradation was tail specific since changing the last two alanines in SsrA to aspartate residues blocked degradation of Arc-SsrA ( Figure 1B ). These data confirm our previous finding that the SsrA or 108 motif is sufficient to mediate recognition by FtsH. Figure 2D ). Taken together, these results indicate that for two substrates that differ in structure, the efficiency of FtsH degradation depends on the thermodynamic stability of the substrate. 108 by the appearance of acid-soluble counts at a series of substrate concentrations and took data from the linear portion of the degradation kinetic curves (data not unfolding. Likewise, the less stable FA10 Arc-108 was degraded more rapidly than wild-type Arc-108. Howshown). For each variant, we fit the dependence of degradation rates on substrate concentration to a simple ever, FtsH degraded FA10 Arc-108 only 2-fold faster than Arc-108 (k cat ϭ 0.81 Ϯ 0.02 /min), whereas Arg-C Michaelis-Menten model (r value Ͼ 0.97) ( Figure 3B ) and obtained the k cat (units per min per FtsH monomer) and degraded the less stable substrate at a 5-fold greater rate. As described in the discussion, this difference may K M values. Whereas wild-type Arc had a k cat of 0.37 Ϯ 0.01/min, the hyperstable variant PL8 had a k cat of 0.16 Ϯ reflect the requirement for FtsH to translocate the substrate to the active site. Together, these experiments 0.01/min. This difference is not due to altered binding, as the K M values for the two proteins are quite similar indicate that there is a correlation between the thermodynamic stability of the substrate and the kinetics of ( Figure 3B , legend). The 2.3-fold difference in the degradation rates of these two substrates is very close to the degradation by FtsH. We verified that FtsH shows this same dependence 2.8-fold difference in the degradation rates exhibited by endoproteinase Arg-C, which cannot promote active on substrate stability when present in its normal location Figures 7D and 7F) . We conclude that FtsH in addition to changes in the intrinsic activity of FtsH degrades these substrates sequentially from the SsrA are required to explain the temperature dependence of tag.
FtsH Cannot Degrade GFP-Tagged Proteins
The Thermostability of Arc Variants
CI-SsrA degradation. Third, although susceptibility of proteins to degradation by ClpAP, ClpXP, and the proDiscussion teasome is predominately determined by the local structure of the folded domain adjacent to the degradation ATP-dependent proteases play crucial housekeeping tag (Lee et al., 2001), FtsH was unable to degrade even and regulatory roles in the cell. A great deal was known those substrates that were highly sensitive to degradaabout the mechanism of degradation by the ATP-depention by the ATP-dependent proteases studied predent ClpXP and ClpAP proteases, but almost nothing viously. Most importantly, the fact that the rate at which was known about this process for FtsH, the only ATPboth FtsH and the ATP-independent endoproteinase dependent protease that is universally present in euArg-C degraded the same set of FtsH had an additional rate-limiting  2002) . If the recognition signal is so generic, how then step in degradation, not present in the Arg-C endoproteidoes FtsH know when to degrade its substrate? We nase, this could explain why FtsH exhibits a more modsuggest that the missing information is provided by the est increase. Translocation into the active site could be requirement for proteins to unfold readily in order to be such a step, as several lines of evidence suggest that degraded. The fact that SecY is degraded by FtsH only translocation in FtsH is ATP dependent and rate limiting when it is improperly folded because it is not associated for its degradation of unstable proteins. Small peptides, with its partner protein (Kihara et al., 1995) supports this which can easily diffuse into the FtsH proteolytic chamidea. Our finding that FtsH can degrade a destabilized ber, are degraded in the presence of ATP␥S, whereas membrane protein, DGK, but not wild-type DGK and denatured proteins like ␤-casein, which must be translothat this destabilized DGK is refractory to degradation cated into the chamber prior to degradation, require when it contains a hyperstabilizing mutant is also con-ATP hydrolysis ( , 1996) . Since these activities are 0.5 mM vanadate (Tomoyasu et al., 1995 
